Abstract: Carbon Nanotubes (CNT) were grown from amorphous carbon film when the top catalyst layer can agglomerate into nanoparticles during rapid thermal processing. The CNT grown with Co are longer and exhibit alignment at the perimeter of the substrate, while those grown with Au are straighter and denser. One large catalyst particle can support multiple CNT growth, and the effect is more pronounced with Au nanoparticles. Introduction of ethanol vapour during the thermal process increases the yield of the CNT grown with both catalysts.
Introduction
The unique electrical and superior mechanical properties of CNTs make it a promising material in the field of microelectronics. The potential of CNT as interconnects in chip-to-chip packaging or replacement of the Au nanowire has been researched intensely in recent years (Zhu et al., 2006; Chen et al., 2006; Graham et al., 2004; Kreupl et al., 2002) . CNT can be synthesised in a number of ways, such as arc discharge (Iijima and Ichihashi, 1993) , laser vapourisation (Thess et al., 1996) or plasma-enhanced chemical vapour deposition (Ren et al., 1998) . CNT growths from amorphous carbon (a-C) via RTP (Wong et al., 2001 ) and conventional annealing have also been reported (Zhang et al., 2006) . In this study, we grow CNT via RTP from an amorphous carbon film, with cobalt and gold as catalyst. Since gold is conductive and largely used in microelectronic industry as interconnects and bonding pads, using Au as catalyst can be advantageous towards the integration of CNT via RTP into the microelectronic field.
Methodology
Amorphous carbon (a-C) film was first sputtered onto (100) silicon wafer, followed by the sputtering of a catalyst layer (Co or Au). The thickness of the a-C film was controlled at 200 nm and the catalyst layer at 6 nm. The samples were annealed in Jipelec Jetfirst100 rapid thermal processor with heating lamps on top of the chamber.
The temperature was ramped up at 60°C/s and held at 1000°C for 3 min before ramping down at 2°C/s or 4°C/s. The process pressure was maintained at 0.1 MPa, with N 2 flow at 1000 sccm. In another attempt, a small amount of ethanol vapour was introduced into the RTP chamber to enhance the growth of the tubes.
Results and analysis

Carbon Nanotube (CNT) growth with Co catalyst
Rapid achievement of high temperature allows the continuous catalyst film to disperse and agglomerate into nanoparticles (Figure 1 ), before diffusion of the C takes place. Figure 2 shows the CNT grown after the thermal processing. The CNTs are neither aligned nor dense, as the a-C layer is sporadically discernable. During holding at 1000°C, C from the bottom a-C diffuse into the Co nanoparticles to form a solid solution. Upon saturation, excess C precipitates and nucleates on the surface of Co and nanotube starts to grow. The bulk of the precipitation (or CNT growth) takes place during the cooling stage, where the solubility of C in Co reduces as temperature is reduced. Slower cooling rate (2°C/s) results in ordering of the CNT and allowing attainment of maximum length and quantity. Increasing cooling rate (4°C/s) induces quench-in of C atoms in the Co matrix, resulting in the formation of interstitial carbides (typically Co 2 C and Co 3 C). Upon formation of such carbides, the growth of CNT will be terminated. Both tip-growth (Sinnott et al., 1999) and root-growth (Gavillet et al., 2001 ) mechanisms are observed in this experiment. In tip-growth theory, carbon atoms segregate towards the substrate and the catalyst is lifted up at the tip of the tube. In root growth, the metal catalyst particles first saturate with carbon. Nucleation of nanotubes takes place via C segregating at catalyst surface and the tube grows away from the substrate, without lifting the catalyst particle. Tip growth is favoured when the catalyst nanoparticle is small (~100 nm or less) and root growth is typical when the catalyst nanoparticle is large, probably because of its mass. Illustrated in Figure 3 are CNTs aligned at the perimeter of the substrate observed on several occasions. The tubes are growing, with catalyst particle on the tips, away from the centre of the substrate and down towards the bottom. In the processing system, the inert gas (N 2 ) inlet is situated underneath the substrate holder. Therefore, the underside of the substrate will always be slightly cooler than the top. Comparing the edge and side of the substrate to the top, where it is receiving the full intensity of the heat from the lamps above, the edge and side of the substrate are areas of lower temperature. As such, a temperature gradient exists towards the side of the substrate. The Co nanoparticle obtains high energy during holding of temperature (1000°C) and desires to lower its state of excitation, given chance. This chance is provided by the lower-temperature regions: edge, side and bottom of the substrate, towards which the tubes are seen to grow. 
Carbon Nanotube (CNT) growth with Au catalyst
Au nanoparticles are formed the same way Co nanoparticles are formed. Au has a melting point much lower than Co and has a specific heat capacity of 0.128 J/g.K as compared to a much higher 0.421 J/g.K of Co. Therefore, Au layer is easier to disperse and nanoparticles agglomerate easier with better-defined shape, as shown in Figure 4 . Figure 5 illustrates CNTs grown with Au catalyst after holding at 1000°C for 3 min. Like those grown with Co nanoparticles, the CNTs grown with Au are neither aligned nor dense. However, the tubes are significantly straighter (compare Figures 5 with 2) . Although it is easier for Au layer to agglomerate into particles, its viscosity at the holding temperature is much lower than Co due to lower melting point. As such, it is easy for smaller Au particles to agglomerate into larger ones. Through catalytic action, the CNTs grown from a larger particle will have more walls and will be mechanically stronger, thus straighter. There is no observable alignment of the tubes near the perimeter of the substrate, as seen with Co catalyst. That is understandable because the specific heat capacity of Au is more than three times lower than Co; therefore, Au has much faster response to drop in temperature during the cooling. The energy an Au nanoparticle possesses is thus lower as compared to Co. This results in a reduced response to temperature gradient. Since Au is not carbide forming and does not have solubility of carbon, Au can not dissolve C the way Co does. Therefore, most of the diffusion takes place on the surface of the Au nanoparticles. Figure 6 illustrates the onset of CNT growth on Au nanoparticles. The sample is rapidly heated to the holding temperature (1000°C) and then cooled down rapidly without any holding time. The C diffuses along the surface of the particles, nucleates and grows into tubes. It is obvious that the Au nanoparticles have increased in size. At the holding temperature, Au is actually in molten form. Although the melting temperature of bulk Au is 1064°C, it is expected to be lower when Au particles are only a few nanometres in size. The Au melt possesses enough energy for certain mobility. They are able to agglomerate and become larger particles. From Figure 6 , it is evident that a large Au particle supports multiple tube growth at all directions of a particle. Due to the fluidus nature of the Au nanoparticles at the holding temperature, Au can get drawn into and becomes encaged in the tube, as shown in Figure 7 . This is not observed when Co is used as catalyst, where the nanoparticles are located either at the root or at the tip of the tube. The primary reason for the sparse growth of CNT with both Co and Au as catalyst is due to the premature inactivity of the catalyst. With Co and Au, C atoms diffuse into the bulk and onto the surface of the particle; a-C (C molecules with sp 2 and sp 3 hybridisation bonds) can also migrate onto the surface of the catalyst and CNT. This a-C layer encapsulates the catalyst and prevents further diffusion and precipitation of native C atoms, hence limiting the lifetime of the catalyst. This is particularly the case when a-C layer is used as the C source.
Effect of ethanol vapour on Carbon Nanotube (CNT) growth
Figures 8 and 9 illustrate the effect of ethanol vapour on the increase in yield of CNT grown from Co and Au catalyst, respectively. Comparing Figures 3 with 8 and Figures 5 with 9 , the increase in density of the tubes is obvious. Ethanol vapour has two roles. First, it provides additional C atoms to the growing CNT; second, it can react with O 2 in the chamber to form CO 2 and H 2 O vapour through the following reaction:
Both CO 2 and H 2 O vapours are weak oxidising agents, strong enough to etch the a-C encapsulating the catalyst, thus releasing more catalyst into action. Hata et al. (2004) has demonstrated the essential role of H 2 O vapour of parts-per-million level in the super-growth of CNT forest.
Comparing Figures 8 and 9 , the tubes with Co as catalyst are much longer than that with Au. This is due to the higher C-holding capability of Co, where bulk diffusion of C can take place besides the surface diffusion. Figure 10 presents the Raman spectra of the CNT layer grown from Co and Au catalyst, with and without ethanol vapour. With ethanol, the intensity of the disorder peak (~1335/cm) is reduced for both Co and Au catalyst. This disorder peak is typical of a-C. A reduction in this disorder peak intensity means a reduction in a-C. 
Conclusions
Amorphous carbon can be used as the C source to grow Carbon Nanotube (CNT) through Rapid Thermal Processing (RTP). The shape of the catalyst nanoparticles affects the nucleation and growth: well-formed spherical nanoparticles result in denser tubes. The CNTs grown through RTP are multi-walled because of the relatively large size of the catalyst particles. Different catalyst results in vastly different CNTs: Co catalyst gives rise to longer but crooked tubes, while Au results in denser and straighter tubes. The CNTs, with Co as catalyst, grow towards a lower-temperature direction; thus, at the perimeter of the substrate, the tubes are seen to grow in good alignment. A single large Au nanoparticle can support multiple CNT nucleation and growth; however, some portion can get encaged in the tube. Introduction of ethanol vapour during the thermal processing increases the yield of CNT, regardless of the catalyst used.
